dome-shaped surface presented by the CII hexamer. cules of ATP␥S bound and the solvent content is approximately 50%. Initial phases were obtained via the single The 3D-structure of KaiC is consistent with the predicted isomorphous replacement (SIR) technique at 5 Å resoluhomology between KaiC half-sites and the RecA/DnaB tion using a crystal derivatized with a Ta 6 Br 12 cluster. family of recombinases/helicases based on sequence The heavy atom cluster bound at the 6-fold non-crystalalignments (Leipe et al., 2000). Finally, the structure also lographic symmetry axis provided accurate matrices for sheds light on the mechanism of auto-phosphorylation initial averaging and then determination of solvent boundby KaiC, namely the ␥-phosphate of ATP from one CII ary. Phases were extended to 2.8 Å resolution stepwise, subunit is transferred to T432 located on the adjacent and the entire structure was readily built into these aversubunit. The significance of the T432 site is confirmed aged maps. The symmetry restraints were gradually reby the loss of rhythmicity in a T432A mutant.
leased during refinement and the final refinement cycles were conducted with six individual unrestrained KaiC Results and Discussion molecules. The current model comprises residues 14 to 497 of six subunits and has been refined to an R-factor Structure Determination of 24.1% (R-free 28.4%) for data between 2.8 and 30 Å The full-length KaiC protein from Synechococcus elonresolution. Selected data collection, phasing, and refinegatus PCC 7942 comprising 519 amino acids and a ment parameters are summarized in Table 1 . The sec-C-terminal (His) 6 -tag (Ishiura et al., 1998) was overexondary structure of KaiC aligned with the sequence is pressed in E. coli and crystallized from sodium formate.
shown in Figure S1 and an example of the quality of the The protein was purified in the presence of ATP, but final Fourier sum electron density is depicted in Figure  prior ., 2000) . Moreover, mutation of the P loop lysine corresponding not of sufficient quality to allow building of a model. However, the structure trapped in the crystal is consisto K52 in the CII half (K294H [Nishiwaki et al., 2000] ) resulted in a long-period phenotype, whereas the KaiCI tent with EM reconstructions of the KaiC hexamer particle that revealed a pot-shaped structure with a sealed K52H mutant causes complete disruption of the rhythm. This is consistent with the observation that K294 does base . The disorder of the C-terminal region of KaiC subunits indicates that this region, not engage in a direct contact to the ␥-phosphate of ATP in the crystal structure. Another lysine (K457) forms and perhaps adjacent segments comprising residues that make up a cone-shaped entry to the channel on a salt bridge to the ␥-phosphate group in KaiCII ( Figure  5A ). Conversely, Walker A threonines form critical conthe CII surface, could adopt different conformations, e.g., opening and closing of the channel. KaiCII the nucleobase portion of ATP is weakly bound whereas the ␥-phosphate is in a tight grip by surrounding site is localized on the carboxy side of the ␤ sheet with the triphosphate moiety bound adjacent to the amino residues and Mg 2ϩ ( Figure 5A ). In both the KaiCI and KaiCII rings ATP molecules are almost completely terminus of ␣2 and surrounded by the P loop harboring the conserved lysine (Figures 2A and 2D) . The linker sealed inside the dimer interface with the base portion accessible in part through a cleft in the CI and CII surbetween CI and CII emerges at the "waist" of the hexamer particle (Figures 1 and 2A The structural similarities at the levels of both the hexameric rings ( Figure 6B ) and monomeric subunits six subunits ( Figure 5A ). Other 4 difference electron density peaks can be attributed to Mg 2ϩ displaying in-( Figure 6C ) between KaiC and various helicases suggest that the channel in KaiC may be the location where DNA ner-sphere coordination to the ␥-phosphate. In addition, the metal ion coordinates to residues E318, E319, D378, is bound. The diameter of the central pore in KaiC, apart from the C-terminal end that is partly constricted by and T295, either via the inner-or outer-sphere mode. The carboxylate of E318 lies within hydrogen bonding Arg488 and His 423 residues, is suitable for accommodating single-stranded DNA (Figures 1 and 3B) . The elecdistance from the hydroxyl group of T432 and could potentially activate the latter for nucleophilic attack at trostatic surface potential at the channel opening and inside the channel of the CI domain is mostly negative the ␥-phosphate. The metal ion and residues K457 and K294 are likely involved in transition state and leaving ( Figure 3A) . Conversely, it is mostly positive inside the 1, 724. kaiC T432A strains, respectively, by the same methods described preIshiura, M., Kutsuna, S., Aoki, S., Iwasaki, H., Andersson, C.R., Ta 
Figure S1. Primary and Secondary Structure of KaiC
Sequence of the KaiC construct with a C-terminal (His)6-tag and sequence alignments between the CI (upper line) and CII (lower line) halves. Selected motifs (Walker A and B) and conserved residues are highlighted (residues contacting ATPs are red and threonines and serines within 8 Å from γP are starred) and labeled and secondary structure elements observed in the crystal structure are depicted above the CI and CII sequences. 
